All-Optical Flip-Flop 



Background of the Invention 

1 . Field of the Invention 

The present invention relates to a flip-flop that operates in an all-optical manner. 

2. Description of the Related Art 

With the advancement of optical communication networks, an aim has been set to 
achieve all-optical signal processing. It is considered that, if this is achieved, this will bring 
about optical communication at a higher-speed with lower power consumption. Flip-flops 
that operate in an all-optical manner are therefore necessary as basic devices for enabling 
all-optical signal processing. 

It is therefore an object of the present invention to provide, in response to the 
aforementioned circumstances, a set-reset flip-flop capable of operating in an all-optical 
manner. 

SUMMARY OF THE INVENTION 

An all-optical flip-flop of this invention is provided with a semiconductor laser. The 
semiconductor laser is equipped with a waveguide. The waveguide comprises a multimode 
interference portion, input port, and output port. The input port and output port are connected 
to the multi-mode interference portion. The configuration is such that a plurality of input 
ports are provided so as to enable a set pulse from one or more input ports and a reset pulse 
from one or more remaining input ports to be inputted to the multi-mode interference portion. 
The multi-mode interference portion allows multi-mode light to pass within, and selectively 
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outputs from the output ports light outputted due to oscillation based on a set pulse and a reset 
pulse inputted from the input ports. 

The configuration can be also such that oscillation based on the set pulse and the reset 
pulse generates different modes according to the set pulse and the reset pulse. 

It is also possible to provide a plurality of output ports. 

The input port or the output port may also be configured to allow single mode light to 

pass. 

The input ports and output ports may also be provided with saturable absorption 
regions. 

End surfaces of the input port and output port may also be taken to be reflecting 
surfaces. 

The input port may also double as the output port. 

A mirror for reflecting inputted light may also be provided at the multi-mode 
interference portion. 

A circulator for switching over paths for inputted and outputted light can also be fitted at 
the input port doubling as the output port. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG 1 is a perspective view showing an outline configuration for an all-optical flip-flop 
of a first embodiment of the present invention. 

FIG 2 is a plan view showing a waveguide part of an all-optical flip-flop. 

FIG 3 is a timing chart illustrating operation of an all-optical flip-flop, with a horizontal 
axis showing time, and a vertical axis showing power of a set pulse S, a reset pulse R, 
non-inverting output Q, and inverting output Q-bar. 

FIG 4 is a view illustrating an example of a method of manufacturing an all-optical 
flip-flop of this embodiment. 
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FIG 5 is a view illustrating results for this embodiment, with FIG 5(a) showing an 
oscillating state in a set mode, and FIG 5(b) showing the same in a reset mode. 

FIG 6 is a plan view showing an outline configuration for an all-optical flip-flop of a 
second embodiment of the present invention. 

FIG 7 is a graph showing a characteristic of current versus light output for an all-optical 
flip-flop of the example of the present invention. 

FIG 8 is a graph showing a light-resetting characteristic for an all-optical flip-flop of the 
example of the present invention. 

FIG 9 is a graph showing a dynamic characteristic for an all-optical flip-flop of the 
example of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
An all-optical flip-flop of a first embodiment of the present invention will now be 

described in the following with reference to the attached drawings. This flip-flop is basically 

configured from a semiconductor laser 1 . A power supply (not shown) is connected to the 

laser 1 in order to drive the laser 1 . 

The laser 1 is equipped with a substrate 10, activation layer 20, and waveguide 30 (refer 

to FIG 1). The substrate 10 and activation layer 20 are the same as for a conventional 

semiconductor laser. 

The waveguide 30 is comprised of a multimode interference portion 31, input port 32, 
and output port 33. The input port 32 and the output port 33 are connected to the multimode 
interference portion 31 (refer to FIGs 1 and 2). 

The input port 32 has a set port 321 and reset port 322. This enables the input port 32 to 
input a set pulse from the set port 321 (one or more of the ports) and a reset pulse from the 
reset port 322 (one or more other ports) to the multimode interference portion 31. Saturable 
absorption regions 34 are provided at the set port 321 and the reset port 322 (refer to FIG 2). 



The saturable absorption regions 34 may easily be formed by not providing a power supply 
bringing about operation as a semiconductor laser to these portions. As is well known, 
absorption saturation occurs at the saturable absorption regions 34 when the power of 
inputted light exceeds a threshold value. Waveguides (not shown) for inputting light (a set 
pulse and a reset pulse) to corresponding ports are connected to the set port 321 and the reset 
port 322, respectively. 

The output port 33 has a non-inverting output port 33 1 and an inverting output port 332. 
The non-inverting output port 331 is for obtaining a non-inverted output (corresponding to 
set output Q). The inverting output port 332 is for obtaining an inverted output 
(corresponding to reset output Q-bar). Waveguides (not shown) for obtaining output light are 
connected to the non-inverting output port 331 and the inverting output port 332. 

The input port 32 and output port 33 are configured so as to transmit (allow to pass) 
single mode light. The end surfaces of the input port 32 and output port 33 are reflecting 
surfaces for reflecting laser light within the laser. The reflectance of the laser light occurring 
at the reflecting surfaces depends on design specifications, but may be, for example, 30%. 

The multimode interference portion 31 is capable of transmitting multiple modes of 
light within. Further, the multimode interference portion 31 is configured so as to be capable 
of selectively outputting output light at the output port by oscillating based on a set pulse and 
a reset pulse inputted from the input port. More specifically, selective oscillation takes place 
within the multimode interference portion 31 using two modes of oscillation passing in an 
intersecting manner within. On one side, there exists an oscillating mode taking a path 
arriving at the non-inverting output port 331 from the set port 321 . On the other side, there 
exists an oscillating mode taking a path arriving at the inverting output port 333 from a reset 
port 322. Path selection for coherent light using multi-mode interference is well known as 
technology such as MMI (Multi-Mode Interference) couplers etc., and a more detailed 
description thereof is therefore omitted here. Further, other aspects of the configuration of the 



waveguide 30 are the same as for waveguides of the related art. 

Next, a description is given with reference to FIG 3 of the operation of this 
embodiment. It is taken that initial conditions are such that the non-inverting output Q and 
the inverting output Q-bar are zero. 

(Setting Operation) 

First, at time ti, a set pulse is inputted to the set port 321. As a result, the following 
operation occurs. 

1) Laser oscillation occurs at the activation layer 20 due to input of the set pulse. 

2) Generated laser light is transmitted through the waveguide 30 in the same way as for 
a usual laser. 

3) Only pre-defined modes are established at the multimode interference portion 31. 
Namely, light only reciprocates between the set port 321 and the non-inverting output port 
33 1 . This kind of mode employing a set pulse is referred to in the following as a "set mode". 
In this state, the gain of the laser is consumed only by this set mode, which means that while 
one of two modes of oscillation is taking place, it is not possible for the remaining mode of 
oscillation to take place. 

4) Absorption saturation occurs at the saturable absorption region 34 provided at the set 
port 321 due to the power of the inputted light, resulting in transparency. Oscillation of light 
passing through the set port 321 is therefore substantially not hindered by the saturable 
absorption region 34. 

It is therefore possible to obtain a non-inverting output Q from the non-inverting output 
port 331 in this embodiment. 

The set pulse is then put to off at time t 2 . The aforementioned oscillating state therefore 
continues as is and the set state can be maintained. 

(Resetting Operation) 
Next, at time t 3 , a reset pulse is inputted to the reset port 322. As a result, the following 
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operation occurs. 

1) Laser oscillation occurs at the activation layer 20 due to input of a reset pulse. 

2) Generated laser light is reciprocated backwards and forwards through the waveguide 
30 in the same way as for a usual laser. 

3) The gain of oscillation in the set mode decreases at the multimode interference 
portion 3 1 due to oscillation caused by the reset pulse. Namely, it is preferable to have a reset 
pulse of a power capable of sufficiently reducing oscillation gain in the set mode. When the 
oscillation gain due to a reset pulse becomes large, only this mode of oscillation (referred to 
in the following as "reset mode") is established. In other words, light reciprocates backwards 
and forwards between the reset port 322 and the inverting output port 332. In other words, in 
this state, the laser oscillation gain is consumed by the reset mode, and the gain of oscillation 
in the set mode substantially no longer exists. 

4) Absorption saturation occurs at the saturable absorption region 34 provided at the 
reset port 322 due to the power of the reset pulse, resulting in transparency. The saturable 
absorption region 34 therefore does not hinder oscillation of light in reset mode. 

5) On one side, the oscillation gain of the set mode is lowered, and the power of light in 
the set mode therefore becomes small. In doing so, the saturable absorption region 34 
provided at the set port 321 absorbs light in set mode. As a result, oscillation of light in set 
mode is made to end quickly. It is therefore possible to rapidly switch over from set mode to 
reset mode. 

As a result of the above operation, it is possible to obtain the inverted output Q-bar (Q 
inverted) from the inverting output port 332. 

The reset pulse is then put to off at time Oscillation in the reset mode then continues 
as is and the resetting state can be maintained. The operation of returning again to the setting 
state is the same as described previously and description thereof is omitted. 

According to this embodiment, it is possible to realize an all-optical flip-flop operation 



with a simple structure. 

Further, in this embodiment, single mode light is made to be transmitted by the 
input/output ports 32 and 33, and it is therefore possible to make the outputted light single 
mode light. 

Next, a description is given of a practical example of an all-optical flip-flop of this 
embodiment. An example of a method of manufacturing the flip-flop used in this 
embodiment is now described using FIG 4. First, n-InP is formed to a thickness of 200nm at 
the surface (upper surface in FIG 4) of an n-InP substrate. A Q-layer (described later) is then 
formed to a thickness of 120 nm. An MQW layer is then formed thereon to a thickness of 100 
nm. A Q-layer is then formed on top of this to a thickness of 120 nm. On top of this, a P-InP 
layer is formed to a thickness of 1000 nm. A P-InGaAs layer is then formed to a thickness of 
200 nm on top of this. The Q-layer is configured with a composition of InGaAsP, and a 
bandgap X g = 1 .25 m m. The MQW layer is laminated from five sets of quantum wells of 
well layer composition: InGaAsP, well layer depth 10 nm, barrier layer composition: same as 
the Q-layer, and barrier layer thickness 10 nm. The band gap X g for the MQW layer is taken 
to be X g = 1.55 ii m. 

After lamination in the above manner, etching is carried out so as to give the shape 
shown by the dotted-and-dashed line in FIG 4. A waveguide 30 of the desired shape can then 
be formed using etching. Namely, the multimode interference portion 31, input port 32 and 
output port 33 can be formed. 

Further, dimensions of the waveguides of this embodiment are described with reference 
to FIG 2. 

Width Ll of multimode interference portion 31: 12 jll m 
Length L 2 of multimode interference portion 3 1 : 540 fi m 
Width L 3 of input/output ports: 2 fi m 

Length L 4 from end of multimode interference portion 31 to center of input/output port: 



4 fi m 

Value calculations and simulations are carried out using the conditions of this 
embodiment. As a result, the existence of a flip-flop operation as shown in FIG 3 can be 
confirmed. The states of two modes obtained by simulation are shown in FIG 5. FIG 5(a) 
shows oscillation conditions in the set mode, and FIG 5(b) shows the same in the reset mode. 
It can be confirmed that state transitions are made to occur between these modes using input 
of a set pulse and a reset pulse. Stable oscillation can be confirmed for these modes. In FIG 5, 
portions of high photon density are shown using high brightness. 

Next, a description is given based on FIG 6 of an all-optical flip-flop of a second 
embodiment of the present invention. In this embodiment, a mirror 40 for reflecting inputted 
light is provided at a central part of the multimode interference portion 3 1 . Further, the 
input/output ports are combined. This is to say that the set port 321 doubles as the inverting 
output port 332 and the reset port 322 doubles as the non-inverting output port 331. In short, 
the configuration of the waveguide 30 of the first embodiment is substantially folded around 
to the position of the mirror 40. As a result of doing this, the functions are equivalent to those 
of the first embodiment. However, it is possible to reduce the size of the device. Circulators 
50 for sorting inputted/outputted light and allowing inputted/outputted light to pass in 
prescribed directions are fitted to the input/output ports. The functions possessed by the 
circulators 50 themselves are publicly known. Other aspects of the configuration and 
operation are the same as for the first embodiment and are not described here. 

(Experimental Example) 

An experimental examples is described in the following based on the structure of the 
first embodiment. 

Experimental conditions: Same as for the examples given in the first embodiment. 
However, the length of the multimode interference portion 31 is taken to be 595 \jl m. 

A current - light output characteristic of this experimental example is shown in FIG 7. 

8 



In FIG 7, hysterisis appears at an oscillation threshold value. In the present invention, 
the multimode interference portion 3 1 constituting a multimode waveguide is incorporated as 
part of an oscillator, and it is possible to obtain a clear hysterisis loop using absorption 
saturation. The reason for this is that the multi-mode interference portion incorporated in the 
oscillator acts as a countermeasure with regards to manufacturing differences and provides 
superior stability. 

As can be understood from this characteristic, according to the invention of this 
application, it is possible to define a stable, clear mode of oscillation. In this practical 
example, current within this hysterisis is biased (namely, operating current is taken to be in 
the range of 106 to 110mA). As described in the above embodiment, it is possible to bring 
about operation as an optical flip-flop by inputting a set pulse and a reset pulse (operating 
characteristics are as described in the following). 

As shown in FIG 7, oscillation does not occur within this hysterisis prior to inputting of 
the set pulse. As a result, according to this invention, it is possible to avoid instability such as 
the unexpected commencement of oscillation before the set pulse is inputted. Namely, this 
invention exhibits a characteristic of "carry out oscillation based on a set pulse and a reset 
pulse". Further, oscillation starts due to the set pulse input. This has the benefit that an initial 
flip-flop state is clearly defined. As a result of this oscillation, a flip-flop operation where 
switching of outputted light takes place is carried out. 

Static characteristics for optical resetting in this practical example are shown in FIG 7. 

According to this, it can be understood that oscillation of the set pulse can be stopped by 
causing a reset pulse to be incident from one of a plurality of input ports, with the intensity of 
the incident light being in the order of 2m W. In this practical example, incident light is 
provided by connecting an optical fiber to the input port. It can be understood that the 
difference in intensity between the ON state and the OFF state is also ten times or more. It can 
also be understood that this optical flip-flop operates in a wavelength range in the order of 15 
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to 20 nm taking an emission wavelength of 1560 nm as center, and therefore operates in a 
broad range of wavelengths. 

A dynamic characteristic when operating as an actual optical flip-flop is shown in FIG 

9. 

As shown in FIG 9, it can be understood that oscillation of the output mode repeatedly 
goes on and off every time light setting and resetting signals are inputted. 

As is also shown in this practical example, by using the all-optical flip-flop of the 
present invention, it is possible to realize an optical flip-flop having practical intensity of 
incident light, wavelength operation range, and on/off ratio etc. with existing optical device 
technology in use today. 

In each of the embodiments, a single mode waveguide structure is adopted for the 
input/output ports 32 and 33 but a multi-mode structure may also be adopted. 

Further, in the aforementioned embodiments, two output ports are provided, but it is 
also possible to just have one in cases where just one of the inverting output and the 
non-inverting output are used. 

Moreover, in each of the aforementioned embodiments, saturable absorption regions are 
provided at the input ports, but these may also be provided at the output ports. In this case, 
also, the theory of operation is the same as described above. 

In each of the embodiments, the set port 321 and the reset port 322 are next to each 
other, but the present invention is by no^ means limited in this respect. For example, the 
position of the set port 332 may also be taken as the position (i.e. a position on the opposite 
side to the set port 321) of the inverting output port 332 shown in FIG 2. At this time, the 
position of the inverting output port 332 may also be taken to be the position of the setting 
port 322. Therefore, fundamentally, any position for the input port is appropriate providing 
that the gain of one mode is lost and oscillation of the other mode is established. The position 
of the output port may be any position enabling extraction of outputted light in a certain 
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mode. 

Each of the above described embodiments and practical examples are merely given as 
examples and in no way show indispensable configurations of the present invention. Each 
part of the configuration is not limited to that stated above providing that the essential 
essence of the present invention is achieved. 

According to the present invention, it is possible to provide a set-reset flip-flop capable 
of operating in an all-optical manner. 
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